Application of a direct-current electrical field for very short times can serve as a practical nonthermal procedure to reduce or modify the microbial distribution in gel beads. The viability of Escherichia coli and Serratia marcescens entrapped in alginate and agarose beads decreases as the field intensity and duration of electrical field increase.
of a low-DC electrical field for very short times can serve as a practical, nonthermal method of reducing or modifying microbial distribution in agar and alginate gel beads, serving as model systems for the above-listed tasks.
Culture medium and bacterial growth. For entrapment, the biocontrol agent Serratia marcescens (19; C. Zohar-Perez, I. Chet, and A. Nussinovitch, submitted for publication) and a fluorescent kanamycin-resistant mutant of Escherichia coli (kindly provided by Johan Leveau, KNAW, Heteren, The Netherlands) were used as model gram-negative microorganisms. The bacteria were grown in Luria broth (LB) or on Luria agar (LA) (2% [wt/vol] agar) at 30°C for S. marcescens or media amended with 25 g of kanamycin/ml at 37°C for E. coli. After 24 h they reached a concentration of ϳ10 9 cells/ml. Bacterial cells were separated by centrifugation at 4,100 ϫ g in a refrigerated superspeed centrifuge (Universal 16R; Hettich) for 15 min at 20°C and suspended in sterile distilled water.
Preparation of the immobilization complex. Alginate (60 to 70 kDa, M:G ratio, 61:39; Sigma, St. Louis, Mo.) was dissolved in distilled water. An agarose (gelling temperature of ϳ25°C; Merck, Darmstadt, Germany) solution was prepared by dissolving the respective gum powder in distilled water until the boiling temperature was reached and holding it at that temperature for at least 1 min. Glycerol (final concentration, 30% [wt/wt]) was added to the alginate and agarose (final concentration, 2% [wt/wt]) solutions at room temperature (20 Ϯ 2°C) and 50°C, respectively. The mixtures were sterilized by autoclaving. S. marcescens or E. coli (ϳ10 10 cells/ml) organisms were then added (at room temperature) at a 1:9 volumetric ratio to the alginate-glycerol solution. This final mixture was dripped into a 1% (wt/wt) sterile solution of CaCl 2 (ϳ100 mM) and stirred for 30 min (at room temperature). A spontaneous cross-linking reaction produced spherical gel beads with an average diameter of 4.2 Ϯ 0.1 mm, containing ϳ10 8 cells/bead (28) (29) (30) . The bacteria were also added at a 1:9 volumetric ratio to the agarose-glycerol solution (after cooling to 35°C). The beads were produced by dropping the final mixture into distilled water through an ϳ5-mm mineral oil layer (Frutarom LTD., Haifa, Israel) and storing it for 2 h at 4°C, resulting in spherical beads with an average diameter of 4.3 Ϯ 0.2 mm, containing ϳ10 8 cells/bead (Zohar-Perez et al., submitted). Electrical treatment. A special apparatus was designed for the application of a DC electrical field to the gel beads (Fig. 1 ). Alginate and agarose beads entrapping E. coli or S. marcescens were interposed between a pair of platinum (Pt) electrodes (Holland Moran LTD., Yehud, Israel) and immersed in distilled water (at room temperature). The Pt electrodes applied a constant voltage ranging from 2 to 30 V (5 to 80 V/cm, 0 to 0.1 A) across the beads by means of a DC power supply (Advice Electronics Ltd., Rosh Ha-ayen, Israel). The volumetric ratio between the solution and the bead was ϳ10 (in preliminary experiments, the volumetric ratio between the solution and the bead varied from ϳ2.5 to ϳ500 times the volume of the bead; no changes in the rate or mode of shrinkage were detected at any of these ratios).
Temperature measurements. Temperatures at the bead surface and in the immersion liquid (at different spots) were determined by a data-logging K/J thermometer and appropriate thermocouples (TES Electrical Electronic Corp., Taipei, Taiwan).
Bacterial cell counts. Viable cell counts inside the beads, before and immediately after electrification, were determined after dissolving the alginate beads in a 2% (wt/wt) sterile sodium citrate solution and vigorous shaking (400 rpm) to total dissolution (ϳ10 min) or by grinding the agarose beads in an Ultra-turrax (Janke & Kunkel, Breisgau, Germany). The cells released from the beads were incubated as already described for plate counts.
Statistical analysis. Results represent the averages of three independent experiments. In every test, two beads were evaluated. Statistical analyses were conducted with JMP software (22) , including analysis of variance (ANOVA) and the TukeyKramer Honestly Significant Difference Method for comparisons of means. A P value of Յ0.05 was considered significant.
We report here, for the first time, the effects of a direct application of a low-DC electrical field on entrapped bacteria in individual agarose or alginate beads. This is of practical interest, since gels can resemble many foods and are used for drug release, for transplantation, as artificial organs, and to mimic thick biofilms (1, 8, 9, 11, 24, 25) . Furthermore, gels have many other potential uses and as such may require less conventional methods to reduce, change, or even sterilize their inherent or embedded entrapped bacterial population. The potential scaling-up of such processes (i.e., electrification of many beads at one time) has resulted in the generation of even greater interest (A. Nussinovitch and R. Zvitov, Extraction of pigments, minerals and other contents of plant material by DC electrical fields; provisional U.S. patent application no. 60/ 451,271, March 2004). The viability of the gram-negative bacteria entrapped in alginate and agarose beads decreased as the field intensity and the duration of the electrical field increased. To ensure viable cell growth, we used a rich culture medium (containing all bacterium-specific nutrient demands). In addition, the incubation time was prolonged to 1 week. This plate count method is widely used and was previously mentioned for evaluating the survival of bacteria after UV radiation, freezedrying, and long storage time (5, 6, 8, 29) . Only negligible temperature changes were detected (up to 4.5°C) during the electrical application in both the beads and the surrounding fluid, and the lethal effect was therefore not thermal. In addition, it was previously demonstrated by inductively coupled plasma atomic emission spectrometry (31; R. Zvitov and A. Nussinovitch, Abstr. 6th Int. Hydrocolloids Conf., abstr. p-51, 2002) that no metal is released into the gel while applying the current, thus eliminating this as a possible killing factor. Figure 2 presents the effects of constant voltage (20 V) for different times of application ( Fig. 2A) and the effects of constant application time (10 s) at different voltages on the viabilities of the different entrapped populations (Fig. 2B) . At constant voltage, 10 s was enough to reduce the bacterial population by 90 to 99%. At constant time, voltages of 20 V (50 V/cm) and up were sufficient to reduce the entrapped population by the same rates (Fig. 2B) . Presented as log (cells/bead) versus time or voltage (insets in Fig. 2 ), these data reveal that bacteria entrapped within agarose and alginate beads do not respond similarly, as might have been expected a priori for such systems. For both electrification applications, whether they consisted of constant voltage and changing time or constant time and changing voltage, similar reduction rates (slopes) of Ϫ0.040 Ϯ 0.005 were observed for the bacteria entrapped within the agarose beads. For the bacteria entrapped within the alginate beads, the reduction rates fluctuated more, between Ϫ0.11 and Ϫ0.25. In other words, considerably higher reductions in bacterial counts were observed when they were entrapped in an agarose matrix than when they were in alginate beads. These results could be the consequence of many combined factors. First, the agarose matrix is physically less influenced (shrinkable) than alginate (although both had the same gum concentration in the gel) by the low-DC electrical field because of its noncharged polysaccharide. This interesting fact has been previously explained in detail (31, 33) . Of course, the effect of the electrical field on the matrix influences the viability of the entrapped bacteria within that matrix, but this complex relationship is not fully understood and was beyond the scope of this study. In addition, it should be mentioned that a longer study is still required in order to eliminate the possibility that some cells are merely temporarily de-energized and not dead.
The electrodes that sandwiched the gel bead while the voltage was being applied have a more considerable physical "im- print" influence on its surface (31, 32; Zvitov and Nussinovitch, 6th Int. Hydrocolloids Conf.). It was observed that for alginate beads, because of their nonhomogeneous shrinkage during formation (Zohar-Perez et al., submitted), the count distribution on their surface was higher than inside them, in contrast to the more homogeneous bacterial distribution observed with agarose beads. Thus, the considerable physical effect of the electrodes on the bead surface may be contributing to the higher bacterial reduction rates observed with alginate beads, independent of the types of bacteria involved. From Fig. 2 it is also clear that this controllable electrical treatment of bacteria entrapped in gels can completely kill the bacteria or only reduce the outer surface population. The latter could be applicable in cases where bacteria are entrapped in gels for slow-release purposes, such as biocontrol in agriculture (26, 28) or for cheese fermentation in the food industry (5, 6, 13); for example, when a delayed action of the entrapped bacteria on plant-pathogenic fungi is desired (when controlling plant diseases that develop at later stages of plant growth, as opposed to sprout diseases), then beads containing viable bacteria only on their interior surfaces could be useful.
The low-DC electrical treatment reduced the numbers of two types of gram-negative bacteria in gel beads, which could serve as models for various systems. Using different microorganisms is definitely an issue to be further examined. The reduction of the bacteria by a few orders of magnitude, without elevating the temperature of the specimen, is in itself unique.
